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Th two mammalian mitochondrial stress proteins, 
grp 75 and hsp 58, transiently interact with 
newly synthesiz d mitochondrial proteins 



Lee A. Mizzen,* Alma N. Kabiling, 
and William J. Welcht 

Departments of Medicine and Physiology 

University of California 

San Francisco, California 941 43 

In mammalian cells, two of the so-called heat shock 
(hsp) or stress proteins are components of the mi- 
tochondria. One of these, hsp 58, is a member of the 
bacterial GroEL family, whereas the other, glucose- 
regulated protein (grp) 75, represents a member of 
the hsp 70 family of stress proteins. Owing to previous 
studies implicating a role for both the hsp 70 and 
GroEL families in facilitating protein maturation 
events, we used the method of native immunoprecip- 
rtation to examine whether hsp 58 and grp 75 might 
interact with other proteins of the mitochondria. In 
cells pulse-labeled with [^-methionine, a significant 
number of newly synthesized mitochondrial proteins 
co-precipitated with either hsp 58 or grp 75. Such 
interactions appeared transient. For example, provid- 
ing the pulse-labeled cells a subsequent chase period 
in the absence of radiolabel resulted in a reduction 
of co-precipitating proteins. If the pulse-chase labeling 
experiments were performed in the presence of an 
amino acid analogue, somewhat different results were 
obtained. Specifically, although many of the newly 
synthesized and analogue-containing proteins again 
were observed to co-precipitate with grp 75, the in- 
teractions did not appear transient, but instead were 
stable. Under steady-state labeling conditions, we 
also observed a portion of hsp 58 and grp 75 in an 
apparent complex with one another. On addition of 
ATP, the complex was dissociated. Accompanying this 
dissociation was the concomitant autophosphoryla- 
tion of grp 75. On the basis of these observations, as 
well as previous studies examining the structure/ 
function of the hsp 70 and GroEL proteins, we suspect 
that both hsp 58 and grp 75 interact with and facilitate 
the folding and assembly of proteins as they enter 
into the mitochondria. 
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Introduction 

Within the past few years, considerable pro- 
gress has been realized concerning the struc- 
ture and function of the so-called heat shock 
(hsp) or stress proteins. These proteins, most 
of which are expressed at modest or even high 
levels in the normal cell, exhibit increased 
expression in cells exposed to a variety of dif- 
ferent stimuli. Most stimuli that increase the 
synthesis of the stress proteins represent var- 
ious agents (e.g., metals or amino acid ana- 
logues) or treatments (e.g., elevated tempera- 
tures) that interfere with normal protein folding 
and assembly. Accordingly, recent data have 
shown that some of the stress proteins are in- 
tegral in facilitating the proper folding, assem- 
bly, and posttranslational translocation of other 
cellular proteins. 

Two of the stress proteins that are involved 
in protein maturation events are the so-called 
hsp 70 and GroEL proteins. In the case of hsp 
70, there exist multiple and related forms of the 
protein, all of which bind ATP, but which are 
present within different cellular compartments. 
These include the cytosolic and nuclear hsp 72/ 
73; the endoplasmic reticulum (ER) glucose- 
regulated protein (grp) 78 or BiP; and grp 75, 
which is present within mitochondria (for re- 
views see Lindquist, 1986; Craig 1985; Roth- 
man, 1989; Welch, 1990). Additional forms of 
hsp 70 have recently been reported within chlo- 
roplasts and perhaps on the plasma membrane 
(Lakey et ai, 1987; Amir-Shapira ef a/., 1990; 
Marshall et al. t 1990). All of the available evi- 
dence indicates that the various hsp 70 proteins 
bind to other proteins that are in the course of 
synthesis and/or posttranslational translocation 
and assembly. For example, the cytosolic hsp 
70 proteins interact transiently with the nascent 
chains of polypeptides under synthesis on poly- 
somes (Beckmann etal., 1990). In addition, cy- 
tosolic hsp 70 appears to facilitate the trans- 
location of proteins from the cytosol into the 
ER, mitochondria, and lysosome (Chirico ef a/., 
1988; Deshaies eta/., 1988; Chiang ef a/., 1989; 
Sheffield, 1990). In the case of that form of hsp 
70 present within the ER, grp 78 (or BiP) inter- 
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acts with polypeptides as they enter into the ER 
lumen (Haas and Wabl, 1 983; Hendershot et aL, 
1987; Kozutsumi et aL, 1988). In each case, the 
transient interaction of the target protein with 
the particular hsp 70 protein is thought to sta- 
bilize the maturing polypeptide until it assumes 
its final three-dimensional conformation. Once 
such a conformation is achieved, hsp 70 is re- 
leased, presumably through ATP hydrolysis. 

In a somewhat similar, but probably distinct, 
manner, the GroEL family of stress proteins also 
appears to be involved in protein maturation 
events. In bacteria, the GroEL protein has been 
shown to bind to and facilitate the assembly of 
lambda phage-head monomers into their final 
oligomeric prohead structure (Georgopoulos ef 
aL, 1973; Sternberg, 1973; Rochan and Mu- 
rialdo, 1983). In plants, a GroEL homologue has 
been identified and shown to be equivalent to 
the so-called Rubisco binding protein (Hem- 
mingsen et aL, 1988). Here this GroEL-iike pro- 
tein mediates the proper assembly of the Ru- 
bisco small (S) and large (L) subunits into their 
final S 8 L 8 oligomeric structure (Ellis and Hem- 
mingsen, 1989). In yeast, mutations within the 
gene encoding the GroEL-like protein present 
in the mitochondria (referred to as hsp 60) result 
in the failure of a number of mitochondrial en- 
zymes to correctly assume their final and active 
oligomeric structure (Chang et aL, 1989). Thus, 
both the hsp 70 and GroEL proteins appear es- 
sential for the proper folding and assembly of 
other cellular proteins. 

In the present study we investigated whether 
the two mammalian stress proteins that are pres- 
ent in mitochondria, hsp 58 (a GroEL homologue) 
and grp 75 (a hsp 70 homologue), might also in- 
teract with other proteins. Using specific anti- 
bodies to each protein, we found that both grp 
75 and hsp 58 interact with a number of newly 
synthesized proteins. Such interactions were both 
transient and sensitive to ATP. Finally, we ob- 
served that a portion of hsp 58 and grp 75 could 
be isolated in a stable complex with one another. 
Addition of ATP, however, resulted in a dissocia- 
tion of the complex and an accompanying (auto) 
phosphorylation of grp 75. We discuss these re- 
sults as they pertain to the possible mechanisms 
by which proteins are translocated into and as- 
sembled within the mitochondria. 

Results 

Previous studies have shown that two stress 
proteins, grp 75 and hsp 58, are present within 
mitochondria (McMullin and Hallberg, 1987; 
Craig ef aL, 1989; Leustek etal. f 1989; Mizzen 



et aL, 1989). Like most nuclear-encoded mito- 
chondrial proteins, hsp 58 and grp 75 are syn- 
thesized in the cytoplasm and then are post- 
translationally translocated into the organelle. 
Such import of the proteins into mitochondria 
can be prevented by incubating the cells 
with agents that cause depolarization of the 
mitochondria. For example, in cells treated 
with an uncoupler of oxidative phosphorylation, 
carbonyl cyanide m-chlorophenyl hydrazone 
(CCCP), mitochondrial precursor proteins are 
observed to accumulate within the cytoplasm 
(Reid etaL, 1982). This is illustrated in Figure 1 
in which HeLa cells were exposed to CCCP for 
30 min and, while in the presence of the chem- 
ical, were labeled with [ 35 S]-methionine for 30 
min (i.e., pulsed). After the labeling period, the 
radiolabel was removed and some of the cells 
were harvested. Alternatively, for some of the 
labeled cells, the labeling medium was removed 
and the cells further incubated in either the 
presence or absence of CCCP for an additional 
30 min or 2 h (i.e., pulsed-chased). From both 
the pulsed and pulsed-chased cells, immuno- 
precipitations (under denaturing conditions) 
were performed using antibodies to hsp 58 or 
grp 75. As was shown previously, these anti- 
bodies appear specific for hsp 58 or grp 75 
(Mizzen etaL, 1989). In addition, immunopre- 
cipitation was performed using an antibody 
specific for the alpha subunit of the mitochon- 
drial F^TPase. 

In the cells labeled for 30 min in the presence 
of CCCP, appreciable amounts of the precursor 
forms of all three of these mitochondrial pro- 
teins were observed (Figure 1 A). Removal of the 
radiolabel and further incubation of the cells in 
the presence of CCCP revealed the precursor 
form of hsp 58 to be relatively unstable. For ex- 
ample, after a 30-min chase period in the pres- 
ence of CCCP, approximately one-half of the 
hsp 58 precursor had disappeared and by 2 h 
little or no hsp 58 precursor remained (Figure 
1 , B and C). In contrast, after a 2-h chase period, 
appreciable levels of the precursor forms of both 
the FiATPase a-subunit and grp 75 were still 
apparent (Figure 1 , B and C). To examine the 
relative rate of conversion of the precursors into 
their mature forms, the cells, labeled in the 
presence of CCCP, were further incubated in 
the absence of CCCP for 30 min or 2 h. Con- 
version of hsp 58 to its mature form was com- 
plete by 30 min (Figure 1 , D and E). Complete 
conversion of both the a-subunit and grp 75 
precursors required significantly longer periods 
of time, but by 2 h both had been chased into 
their mature form (Figure 1 F). At present, we 
do not understand the basis for either the 
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Figure 1. The hsp 58 and grp 75 are synthesized as precursors and are posttranslationally translocated into the mito- 
chondria with different kinetics. HeLa cells, growing at 37°C, were treated with 20 /zM CCCP, an uncoupler of oxidative 
phosphorylation, which prevents the uptake of mitochondrial precursors into the organelle. In the presence of the drug, the 
cells were labeled with [ 35 S]-methioninefor 30 min. One plate of cells was immediately harvested with Laemmli sample buffer, 
whereas for the other plates, the radiolabel was removed and the cells further incubated, either in the presence or absence 
of CCCP, for an additional 30 min or 2 h. After the appropriate chase period, the cells were harvested in Laemmli sample 
buffer and incubated with ATP, and the relative amounts of the precursor and mature forms of the F, ATPase a-subunit (lane 
1), hsp 58 (lane 2), or grp 75 (lane 3) were determined by denaturing immunoprecipitation. (A-C) the relative amounts of the 
precursor forms of the three mitochondrial proteins that remain during the pulse-chase protocol in the presence of CCCP. 
(D-F) the relative rates of conversion of the precursors (*) into their mature form after removal of CCCP. (A) cells pulse- 
labeled for 30 min in the presence of CCCP; (B) as in A and then chased for 30 min in the presence of CCCP; (C) as in A and 
then chased for 2 h in the presence of CCCP. (D) cells pulse-labeled for 30 min in the presence of CCCP; (E) as in D and 
then chased for 30 min in the absence of CCCP; (F) as in D and then chased for 2 h in the absence of CCCP. 



shorter half-life or the faster rate of conversion 
of hsp 58 compared with the two other mito- 
chondrial proteins. 

Owing to previous studies implicating a role 
for both the hsp 70 and GroEL (e.g., hsp 58) 
families of stress proteins in facilitating protein 
maturation events, we examined for possible 
interactions of both grp 75 and hsp 58 with other 
mitochondrial proteins. Our approach to this 
question was similar to that used to establish 
that the cytosolic hsp 72/73 interacts with the 
nascent chains of newly synthesized proteins 
(Beckmann et ai, 1990). Specifically, we ex- 
amined possible protein-protein interactions by 
the method of immunoprecipitation under native 
conditions. Cells were steady-state labeled with 
[ 35 S]-methionine for 2 h, the label was removed, 
and the cells were further incubated for 1 h at 



37°C. After hypotonic lysis of the cells, a crude 
mitochondrial pellet was prepared. Because 
both the cytosolic (e.g., hsp 72/73) and ER (e.g., 
grp 78 or BiP) forms of hsp 70 have been shown 
to exhibit ATP-sensitive interactions with other 
proteins (Haas and Wabl, 1983; Hendershot et 
al., 1987; Kozutsumi et ai, 1988; Beckmann ef 
a/., 1990), the crude mitochondrial pellet was 
solubilized in nonionic detergent and split in half. 
To ohe portion we added the ATP-depleting en- 
zyme apyrase, whereas to the other one-half 
we added 2 mM ATP. After incubation at 4°C 
for 15 min, the two mitochondrial preparations 
were clarified and native immunoprecipitation 
analysis was performed using antibodies spe- 
cific for hsp 58, grp 75, and the F 1 ATPase alpha 
subunit (Figure 2A). In those mitochondrial ex- 
tracts first depleted of ATP, the a-subunit was 
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immunoprecipitated with only a few minor co- 
precipitating proteins. Under these conditions, 
(i e., 4°C and detergent) the intact F,ATPase is 
relatively unstable and, therefore, the antibody 
precipitates only the free a-subunit (L. Kra- 
kowski, personal communication). Immunopre- 
cipitation with the hsp 58 antibodies resulted in 
the isolation of hsp 58 along with a second 
prominent protein of ~70 kDa, which migrated 
identically to that of grp 75. In addition, a few 
other minor proteins were observed to co-pre- 
cipitate with hsp 58 in the ATP-depIeted lysates. 
The anti-grp 75 antibody precipitated grp 75 and 
a few other proteins in the 40-kDa range, as 
well as some higher molecular mass proteins. 
In those mitochondrial extracts first incubated 
with ATP, again the a-subunit was observed to 
precipitate with only a few, minor associated 
proteins. In the case of the hsp 58 immunopre- 
cipitates, however, little or none of the afore- 



mentioned co-precipitating 70-kDa protein was 
observed in the lysates first treated with ATP. 
Similarly, in the presence of ATP, there ap- 
peared to be fewer proteins co-precipitating 
with grp 75. 

A similar analysis from cells placed under 
stress provided somewhat different results. For 
these studies, cells were stressed by exposure 
to an analogue of proline (L-azetidine-2-carbox- 
ylic acid, Azc) for 4 h and then labeled for 2 h 
with [ 35 S]-methionine in the presence of Azc. 
The radiolabel was removed, and the cells were 
further incubated for 1 h while still in the pres- 
ence of Azc. Crude mitochondria were pre- 
pared, solubilized in detergent, split into two 
equal portions, and then either treated with 
apyrase (to deplete ATP) or incubated with 2 
mM ATP. Native immunoprecipitations em- 
ploying antibodies to the three mitochondrial 
proteins were performed and analyzed as de- 
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scribed above (Figure 2B). In the case of the a- 
subunit, relatively little of the radiolabeled pro- 
tein was precipitated in either the ATP-depleted 
or -supplemented lysates. This is likely due to 
its decreased synthesis (owing to the cells now 
being in a stress response), as well as its shorter 
half-life because of the incorporated amino acid 
analogue. Both of the stress proteins, hsp 58 
and grp 75, were synthesized at high levels in 
the cells placed under stress via exposure to 
Azc. Now, however, significantly less of the ra- 
diolabeled and analogue-containing 70-kDa 
protein was observed to co-precipitate with the 
hsp 58 antibody in the Azc-treated lysates first 
depleted of ATP. Addition of ATP to the lysate 
before the immunoprecipitation resulted in even 
less of the co-precipitating 70-kDa protein. In 
the case of grp 75, a significant number of poly- 
peptides were now observed to co-precipitate 
in the Azc-treated and ATP-depleted lysates. 
One of these co-precipitating proteins migrated 
identically with that of hsp 58. Somewhat fewer 
proteins co-precipitated with grp 75 in the Azc- 
treated cells first incubated with ATP. These dif- 
ferences in co-precipitating proteins observed 
in the Azc-treated cells were fully reversible. For 
example, removal of the analogue and subse- 
quent [ 35 S]-methionine labeling of the cells un- 
der normal conditions resulted in a pattern of 
co-precipitating proteins identical to that ob- 
served for the unstressed cells (e.g., compare 
Figure 2, C with A). 

To more clearly distinguish and possibly 
identify some of the proteins co-precipitating 
with either hsp 58 or grp 75, we analyzed some 
of the immunoprecipitates shown in Figure 2 by 
two-dimensional gel electrophoresis. Such 
analysis revealed that the 70-kDa protein ob- 
served to co-precipitate with the hsp 58 anti- 
body in the ATP-depleted normal cell lysates 
was in fact grp 75 (Figure 3A). In cells treated 
with Azc and then labeled in the presence of 
Azc, radiolabeled grp 75 was no longer present 
in the hsp 58 immunoprecipitate (Figure 3B). 
Conversely, under normal conditions, little or 
no hsp 58 was observed to co-precipitate with 
grp 75 (Figure 3C). In contrast, hsp 58 synthe- 
sized in the presence of Azc was now found in 
the grp 75 immunoprecipitates (Figure 3D). 

Although somewhat complicated, our data to 
this point had shown that the two mitochondrial 
stress proteins hsp 58 and grp 75 existed, in 
part, in a complex with one another. Specifically, 
in normal cells antibodies against hsp 58 pre- 
cipitated both hsp 58 and grp 75, but only from 
those mitochondrial lysates first depleted of 
ATP. In the cells labeled in the presence of Azc, 
however, the radiolabeled and analogue-con- 
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taining grp 75 did not co-precipitate with the 
hsp 58 antibody. Conversely, under normal 
conditions, antibodies to grp 75 did not co-pre- 
cipitate hsp 58. If, however, the cells were la- 
beled in the presence of Azc, the radiolabeled 
and analogue-containing hsp 58 now was ob- 
served to co-precipitate with the grp 75 anti- 
body, and again the interaction appeared sen- 
sitive to ATP. 

To determine whether hsp 58 or grp 75 might 
exhibit transient interactions with other newly 
synthesized mitochondrial proteins, we per- 
formed these same sorts of experiments using 
pulse and pulse-chase labeling techniques. Cells 
were pulse-labeled at 37°C for 1 5 min with [ 35 S]- 
methionine, immediately harvested by lysis in 
nonionic detergents, and depleted of ATP via 
incubation with apyrase (pulsed). For a second 
plate of the pulse-labeled cells, the medium was 
removed and the cells were further incubated 
at 37°C in the absence of radiolabel for 1 h, 
then harvested and treated with apyrase 
(pulsed-chased). In the pulse-labeled cells a 
significant number of polypeptides were ob- 
served to co-precipitate with either the hsp 58 
or grp 75 antibodies (Figure 4A, lanes 3, 4 in P). 
If, however, the pulse-labeled cells were pro- 
vided a subsequent 1-h chase period in the ab- 
sence of radiolabel, significantly fewer co-pre- 
cipitating proteins were observed (Figure 4A, 
lanes 3, 4 in C). To ensure that the proteins co- 
precipitating with grp 75 and hsp 58 were in- 
deed newly synthesized mitochondrial proteins, 
these pulse-chase experiments were repeated, 
but this time an enriched fraction of mitochon- 
dria was isolated, treated with the nonionic de- 
tergent and apyrase, and then examined by na- 
tive immunoprecipitation. As before, a large 
number of newly synthesized mitochondrial 
proteins were observed to co-precipitate with 
either the hsp 58 or grp 75 antibodies from the 
mitochondria isolated from the pulse-labeled 
cells (Figure 4B, lanes 3, 4 in P). After the 1-h 
chase period in the absence of radiolabel, again 
significantly fewer proteins were observed to 
co-precipitate (Figure 4B, lanes 3, 4 in C). 

These same pulse-chase experiments were 
repeated in cells placed under stress by expo- 
sure to the amino acid analogue Azc. Specifi- 
cally, cells were treated with Azc for 4 h, and, 
while in the presence of the analogue, the cells 
were labeled for 15 min with [ 35 S]-methionine. 
One plate of cells was harvested immediately 
(pulsed), whereas for a second plate, the radio- 
label was removed and the cells were further 
incubated in the presence of Azc for 1 h (pulsed- 
chased). The cells were harvested; and — from 
both the pulsed and pulsed-chased cells — 
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Figure 3. Two-dimensional 
gel analysis of hsp 58 and grp 
75 immunoprecipitates from 
steady-state-labeled cells. 

Relevant immunoprecipitation 
products from Figure 2 were 
analyzed by two-dimensional 
gel electrophoresis. Shown 
are only the hsp 58 and grp 
75 immunoprecipitates from 
cells first treated with apyrase 
to deplete ATP. Indicated in 
each panel are the positions 
of grp 75 (downward-pointing 
arrowhead) and hsp 58 (up- 
ward-pointing arrowhead). (A) 
anti-hsp 58 tmmunoprecipi- 
tate from control cells. (B) 
anti-hsp 58 immunoprecipi- 
tate from cells labeled in the 
presence of Azc. (C) anti-grp 
75 immunoprecipitate from 
control cells. (D) anti-grp 75 
immunoprecipitate from cells 
labeled in the presence of 
Azc. Shown are only those re- 
gions of the gel containing grp 
75 and hsp 58. The downward 
and upward pointing arrows in 
B and C indicate where grp 75 
and hsp 58, respectively, 
would migrate if present in the 
immunoprecipitate. 
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crude mitochondria were prepared, lysed with 
nonionic detergent, and treated with apyrase. 
Although synthesis of most cellular proteins, 
with the exception of the stress proteins, was 
decreased in the Azc-treated cells, we again 
observed a significant number of the newly syn- 
thesized and analogue-containing proteins to 
co-precipitate with grp 75 (Figure 4C, lane 4 in 
P). In the case of hsp 58, some newly synthe- 
sized proteins co-precipitated, but significantly 
the number was fewer than observed in the 
normal, unstressed cells (Figure 4C, lane 3 in 
P). In the case of the cells pulse-labeled and 
chased in the presence of Azc, most of the 
newly synthesized and analogue-containing 
proteins were still observed to co-precipitate 
with grp 75 (Figure 4C, lane 4 in C). Similarly, a 
number of proteins also appeared still to co- 
precipitate with hsp 58 (Figure 4C, lane 3 in C). 

In summary, the pulse-chase experiments 
demonstrated that, under normal labeling con- 
ditions, a large number of newly synthesized 
proteins were interacting transiently with either 
grp 75 or hsp 58. Specifically, in the pulse-la- 
beled cells a number of newly synthesized pro- 
teins co-precipitated with either hsp 58 or grp 



75. After a 1-h chase period in the absence of 
the radiolabel, significantly fewer proteins were 
observed to co-precipitate. In the case of the 
pulse-chase studies performed in the presence 
of Azc, again, many newly synthesized proteins 
were observed to co-precipitate with grp 75. 
However, in contrast to the situation with the 
unstressed cells, many of the newly synthesized 
and analogue-containing proteins now remained 
in a stable complex with grp 75 after the 1-h 
chase period. 

Both the hsp 58 and grp 75 immunoprecipi- 
tates from cells pulsed and pulsed-chased 
under normal conditions were analyzed by two- 
dimensional gels. In both the pulsed and pulsed- 
chased cells, the hsp 58 antibodies precipitated 
both hsp 58 and grp 75 (Figure 5, A and B). 
Apparently, the interaction between these two 
proteins occurs rapidly and is relatively stable 
in the absence of ATP. We also noted the pres- 
ence of an — 50-kDa protein co-precipitating 
with hsp 58 in only the pulse-labeled cells and 
not after the 1-h chase period. This protein rep- 
resents the jft-subunit of the F,ATPase as de- 
termined by its size and isoelectric point (indi- 
cated by arrows in Figure 5, A and B) (Mizzen 
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Figure 4. HSP 58 and grp 75 exhibit transient interactions with newly synthesized proteins. HeLa cells, growing at 37°C, 
were incubated in the absence or presence of 5 mM Azc for 4 h. The cells were then pulse-labeled with [^SJ-methionine in 
either the absence or presence of Azc for 1 5 min. Some of the cells were immediately harvested; cell lysates were prepared 
and treated with apyrase. Alternatively, the pulse-labeled cells were lysed by incubation in hypotonic buffer and a crude 
mitochondrial pellet was prepared, then treated with apyrase. For the other pulse-labeled cells (done either in the presence 
or absence of Azc), the radiolabel was removed and the cells were further incubated in either the presence or absence of 
Azc for 1 h. Again, whole cell lysates or, alternatively, a crude mitochondrial pellet was prepared and treated with apyrase 
to deplete ATP. Native immunoprecipitations were then performed using control rabbit anti-mouse IgG antibodies (lane 1), 
rabbit anti-F^TPase a-subunit (lane 2), rabbit anti-hsp 58 (lane 3), or rabbit anti-grp 75 (lane 4). (A) Immunoprecipitates from 
whole cell lysates from cells pulse-labeled for 15 min (P) or pulse-labeled for 15 min and chased for 1 h (C). (B) Immunopre- 
cipitates from crude mitochondria isolated from cells pulse-labeled for 1 5 min (P) or pulse-labeled for 1 5 min and chased for 
1 h (C). (C) Immunoprecipitates from crude mitochondria isolated from cells treated with Azc and pulse-labeled for 15 min 
in the presence of Azc (P) or pulse-labeled for 15 min and chased in the presence of Azc for 1 h (C). The positions of grp 75, 
hsp 58, and the F,ATPase a-subunit are indicated in descending order on the right of each panel. 



et al., 1989). In the case of the grp 75 immu- 
noprecipitates, a considerable number of newly 
synthesized proteins were observed to co-pre- 
cipitate in the pulse-labeled cells (Figure 5C). 
One of these was hsp 58; another was the 
aforementioned F^TPase 0-subunit. After the 
1-h chase period, significantly less of either the 
hsp 58 or the 0-subunit were observed within 
the grp 75 immunoprecipitate (Figure 5D). 

Having established that a portion of hsp 58 
and grp 75 interact with one another, but only 
in those lysates first depleted of ATP, we 
wanted to investigate how ATP might be reg- 
ulating their interaction. Previous studies had 
demonstrated that grp 75, like the other mem- 
bers of the hsp 70 family, is an ATP-binding 
protein (Mizzen et al., 1989; Welch and Fer- 
amisco, 1985). In addition, others had shown 
that the prokaryotic homologue of grp 75, the 
so-called dnaK protein, displayed autophos- 
phorylation activities as a function of low pH 
(e.g., 6.0) and added calcium (Zylicz et al., 1 983; 
Leustek et al., 1989). Therefore, mitochondria 
were purified from guinea pig livers. From the 
isolated mitochondria we also purified grp 75. 
Using both the isolated mitochondria and pu- 
rified grp 75, we examined the possible kinase 
activity of grp 75 as a function of low or high 



pH and added cations such as Ca 2+ or Mg 2+ . 
Only under conditions of low pH (e.g., pH 6.0) 
and added calcium did we observe significant 
phosphorylation of grp 75, either in the whole 
mitochondria or with the purified protein (Fig- 
ure 6). 

Because the complex between hsp 58 and 
grp 75 was observed only in those lysates first 
depleted of ATP, we examined whether release 
of grp 75 from the hsp 58 immunoprecipitates 
would occur as a function of added ATP and 
whether release might be accompanied by grp 
75 autophosphorylation. Cells were steady- 
state labeled with [ 35 S]-methionine and cell ly- 
sates were prepared and immediately depleted 
of ATP. Native immunoprecipitations with the 
hsp 58 antibody were performed to isolate the 
hsp 58-grp 75 complex. The immune complex, 
still present on the protein A-sepharose beads, 
was incubated under the optimal conditions for 
grp 75 autophosphorylation (i.e., pH 6.0 and 
added calcium). To the complex was added ei- 
ther 1 fiM ATP or 1 0 of the nonhydrolyzable 
ATP analogue, AMPPNP, and the samples were 
incubated at 30°C for 30 min. After the incu- 
bation, the mixture was centrifuged, the super- 
natant was removed, and the pellet containing 
the protein A-antibody-antigen complex was 
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Figure 5. Analysis of hsp 58 and 
grp 75 immunoprecipitates from 
pulse-labeled and pulse-labeled 
and chased cells by two-dimen- 
sional gels. To more clearly resolve 
the proteins present within some 
of the immunoprecipitates shown 
in Figure 4, the samples were an- 
alyzed by two-dimensional gel 
electrophoresis. The downward- 
pointing arrowhead indicates grp 
75; the upward-pointing arrowhead 
indicates hsp 58; and the left-to-' 
right arrow indicates the position 
of the jff subunit of the F, ATPase. 
The * in C represents the precursor 
form of grp 75. (A) hsp 58 immu- 
noprecipitate from pulse-labeled 
cells. (B) hsp 58 immunoprecipitate 
from pulse-labeled and chased 
cells. (C) grp 75 immunoprecipitate 
from pulse-labeled cells. (D) grp 75 
immunoprecipitate from pulse-la- 
beled and chased cells. 




washed with phosphate-buffered saline (PBS). 
Proteins present within either the supernatant 
or pellet were analyzed by sodium dodecyl sul- 
fate-polyacrylamide gel electrophoresis (SDS- 
PAGE; an equal percentage of both the super- 
natant and pellet were analyzed). Incubation of 
the immune complex with the ATP analogue 
AMPPNP resulted in the release of only a small 
amount of grp 75 into the supernatant. Incu- 
bation of the immune complex with 1 j*M ATP, 
however, resulted in the release of significant 
amounts of grp 75 (Figure 7A). No other proteins 
present within the hsp 58 immune complexes 
were significantly released after the incubation 
with ATP. These experiments using the [ 35 S]- 
methionine-labeled cells were repeated, but this 
time the incubations were performed in the 
presence of ATP or the ATP analogue supple- 
mented with 7-[ 32 P]-ATP. In the case of added 
ATP plus 7-[ 32 P]-ATP, again, grp 75 was re- 
leased into the supernatant and, as determined 
by liquid scintillation counting, contained incor- 
porated [ 32 P] (Figure 7B lanes 3, 4). Incubation 
of the immune complex with the nonhydrolyz- 
able ATP analogue plus 7-[ 32 P]-ATP resulted in 
only a slight release of grp 75 that contained 
10-fold less [ 32 P] radioactivity (Figure 7B lanes 
1 , 2). As a final step in this analysis, native im- 



munoprecipitations from unlabeled and ATP- 
depleted cell lysates using the grp 75 antibody 
were performed. The immune complexes were 
incubated with 1 ATP supplemented with 
10 MCi of 7-[ 32 P]-ATP and either the material 
released into the supernatant or that which re- 
mained bound in the immune complex was an- 
alyzed. Somewhat to our surprise, a portion of 
grp 75 was released into the supernatant and 
contained radiolabeled phosphate (Figure 7C). 
In addition, a portion of grp 75 that remained 
bound to the antibody protein A-sepharose also 
exhibited autophosphorylation. 

Discussion 

Within the past few years it has become evident 
that the proper folding and assembly of newly 
synthesized proteins require the participation 
of accessory molecules, now being referred to 
as molecular chaperones (Hemmingsen ef a/., 
1988; Ellis and Hemmingsen, 1989; Rothman, 
1989). Although folding of the polypeptide is still 
believed to be dictated by its primary sequence, 
molecular chaperones are thought to facilitate 
the process by reducing nonproductive or im- 
proper folding pathways, thereby maintaining 
both high fidelity and kinetics of protein folding 
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Fi9 ure S. Purged 8 rp 75 or grp 75 present in iso.ated ^J^^^ 
phorylation. Mitochondria were purged from guinea ^ 

was purified from the isolated I ^ochondna mm ^^^^S^d^h Coomassie blue. (A) the Coomassie b.ue- 
grp 75 were examined by SDS-PAGE and the proteins present were . w The jso|ate(J mitocnondna or 

L'ined proteins Present in the isolated either CaCI, or MgCI, and then incubated 

purified grp 75 were incubated at either pH "or pH 8.0 ana supp inC ubation, Laemmli sample buffer was 

with 1 »M unlabeled ATP plus 10 ,C o W P£AT P at 30 ^ or J ™ g * |e(J ejns were examined by SDS-PAGE and 
added, the samples were <P a >^.^^l^ c f^^^ r o 75. (Lane 1) incubation at pH 6.2, in the presence of 10 
autoradiography. (B) the mitochondria ext racts (C) *^^« r P ^caCI,; lane 3) incubation at pH 6.2 in the presence 
mM EDTA/EGTA; (lane 2) i incubation at pH^ 6^ in the P^^ U Q mM edTA/EGTA; (lane 5) incubation at pH 8.0 in the 

nSSSon of grp 75; molecular mass markers are indicated on the left. 



in the cell. A number of these molecular chap- 
erones have now been identified, many of which 
represent members of the so-called heat shock 
or stress protein family. The stress proteins, 
most of which are constitutively produced, ex- 
hibit increased expression in cells exposed to a 
number of agents or treatments. Most of these 
agents/treatments interfere with normal pro- 
tein-folding pathways. Consequently, increased 
expression of the stress proteins is thought to 
provide the cell under stress a means by which 
to handle the increasing problems occurring 
with respect to proper protein folding and as- 
sembly events. 

Because some of the other members of the 
hsp 70 family (e.g., cytosolic hsp 72/73 and ER 



grp 78 or BiP) as well as the GroEL proteins 
appear to function like molecular chaperones, 
we investigated whether the mitochondrial grp 
75 or hsp 58 might similarly interact with pro- 
teins that are in the course of maturation. Using 
pulse-chase labeling techniques and native im- 
munoprecipitation analysis, we observed both 
hsp 58 and grp 75 to exhibit transient interac- 
tions with a significant number of newly syn- 
thesized mitochondrial proteins. Such interac- 
tions were only observed if ATP levels were first 
depleted before the immunoprecipitation anal- 
ysis Two of the newly synthesized mitochon- 
drial proteins co-precipitating with grp 75 were 
hsp 58 and' the /3-subun.t of the F,ATPase. 
These two proteins, as well as a number of other 
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Figure 7. ATP-dependent release and concomitant phosphorylation of grp 75 from immunoprecipitates. HeLa cells growing 
at 37°C were labeled with [ 35 S]-methionine for 2 h, the label was removed, and the cells were further incubated for 1 h in 
the absence of label. The cells were lysed by addition of nonionic detergent and inclusion of apyrase to deplete ATP. Native 
immunoprecipitations were performed using antibodies to either hsp 58 or grp 75 as described previously. After washing 
the resultant immunoprecipitate with RIPA buffer, the immunoprecipitates were washed and resuspended in 20 mM Mes, 
pH 6.2, 0.1% Triton X-100, 10 mM CaCI 2 (kinase buffer). (A) To the hsp 58 immunoprecipitates was added either 10 of 
the ATP analogue AMPPNP or 1 ATP, and the samples were incubated for 30 min at 30°C. After the incubation the 
samples were centrifuged, the supernatant was removed, and the protein A-sepharose antibody-antigen complex was washed 
once with cold PBS. Laemmli sample buffer was added to the supernatant and to the pellet, and the samples were incubated 
at 100°C for 5 min. Equal percentages of the supernatant and pellet were then analyzed by SDS-PAGE and fluorography. 
Shown in lane 1 is the supernatant and in lane 2, the pellet of the hsp 58 immunoprecipitate incubated with 10 /iM of the 
ATP analogue. Shown in lane 3 is the supernatant and in lane 4 the pellet of the hsp 58 immunoprecipitates incubated with 
1 mM ATP. The positions of grp 75 and hsp 58 are indicated on the left. (B) An aliquot of the hsp 58 immunoprecipitates 
(described above) was incubated with either 10 of the ATP analogue AMPPNP or 1 ^M ATP supplemented with 10 ^Ci 
of 7-p 2 P]-ATP exactly as described above. After a 30-min/30°C incubation, the proteins released into the supernatant or 
those that remained bound to the protein A-sepharose were analyzed separately as described above. Shown is an autora- 
diogram of the gel. Shown in lane 1 is the supernatant and in lane 2 the pellet of the hsp 58 immunoprecipitates incubated 
with 10 /tM of the ATP analogue plus -y-pPJ-ATP. Shown in lane 3 is the supernatant and in lane 4 the pellet of the hsp 58 
immunoprecipitates incubated with 1 M M ATP plus y-P 2 P]-ATP. (C) HeLa cells were solubilized in nonionic buffer, apyrase 
was added, and the lysates were incubated for 1 5 min at 4°C. Native immunoprecipitations were performed with the anti- 
grp 75 antibody, and the immunoprecipitate was washed extensively with RIPA buffer, then incubated in kinase buffer as 
described above. Unlabeled ATP (1 ^M), supplemented with 10>Ci of 7-[ 32 P]-ATP, was added, and the sample was incubated 
for 30 min at 30°C. After the incubation the sample was centrifuged and the proteins present within the supernatant or the 
protein A-sepharose pellet were analyzed separately by SDS-PAGE. Shown is the autoradiogram of the gel. Shown in lane 
1 is the supernatant and in lane 2 the pellet. The position of grp 75 is indicated on the right. 



newly synthesized proteins, were no longer ob- 
served to co-precipitate with grp 75 in the pulse- 
labeled cells provided a subsequent 1-h chase 
period. In the case of hsp 58, it also exhibited 
interactions with a number of newly synthesized 
proteins. One of the proteins co-precipitating 
with hsp 58 again was the newly synthesized 
F^TPase 0-subunit. Similar to the results ob- 
tained with grp 75, most of the newly synthe- 
sized proteins that co-precipitated with hsp 58 
in the pulse-labeled cells were no longer ap- 
parent in the cells allowed a subsequent 1-h 
chase period. Hence, it appears that, as newly 
synthesized proteins enter into the mitochon- 



dria, they interact with grp 75 and hsp 58. Most 
of these interactions are both transient and 
sensitive to ATP. 

A number of interesting and informative dif- 
ferences were observed when these same ex- 
periments were performed using cells labeled 
in the presence of the amino-acid analogue of 
proline, Azc. First, in the pulse-chase experi- 
ments, grp 75 again was observed to interact 
with a large number of the newly synthesized 
and analogue-containing proteins. Unlike the 
situation with the normal cells, however, these 
interactions did not appear transient. Instead, 
even after the 1-h chase period, most of these 
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analogue-containing proteins were still found to 
|g> co-precipitate with grp 75. In the case of hsp 
p > 58, whereas a number of newly synthesized 
proteins co-precipitated with hsp 58 under nor- 
mal conditions, significantly fewer co-precipi- 
tated when the pulse-labeling was performed 
in the presence of Azc. 

On the basis of these results and a large body 
of published data regarding the hsp 70 family 
and GroEL-related stress proteins, we suspect 
that both grp 75 and hsp 58 are important in 
mediating the import into and subsequent as- 
sembly of proteins within the mitochondria. The 
possible role of hsp 58 and grp 75 in mediating 
these events is summarized in Figure 8. As mi- 
tochondrial proteins are being synthesized 
within the cytoplasm, they, like most other cel- 
lular proteins, become complexed with the cy- 
tosolic forms of hsp 70 (i.e., 72/73) (Beckmann 
et al. t 1990). Perhaps by virtue of their amino- 



Mitochondrial stress proteins 

terminal mitochondrial signal sequence and the 
presence of bound cytosolic hsp 70, these newly 
synthesized proteins destined for the mito- 
chondria are maintained in an unfolded confor- 
mation (Randall et aL, 1990). Once at the mi- 
tochondrial membrane, these "unfolded" or 
"translocation competent" precursors begin 
their entry into the organelle accompanied by 
the ATP-dependent release of hsp 72/73. Sup- 
port for the idea that the cytosolic hsp 70 pro- 
teins are involved in this step, along with addi- 
tional cytosolic components, has been provided 
by other investigators (Chirico etaL, 1988* De- 
shaies etaL, 1 988; Sheffield et al., 1 990). As the 
translocating and presumably unfolded poly- 
peptide enters into the mitochondria, it rapidly 
becomes complexed with that form of hsp 70 
within the organelle, namely, grp 75. Binding to 
grp 75 may provide for the stabilization of the 
translocating and unfolded polypeptide as it is 
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processed by the signal peptidase and may 
prevent the premature folding of the incoming 
polypeptide until its translocation into the or- 
ganelle has been completed. Once entirely in- 
side the mitochondria, the polypeptide begins 
to fold, accompanied by the ATP-dependent re- 
lease of grp 75. For those mitochondrial pro- 
teins that are to be assembled into oligomeric 
structures, hsp 58 is called into play. Specifi- 
cally, and as others have suggested, the large 
hsp 58 complex (a homooligomer of 1 4 subunits) 
serves as a scaffold by which monomeric pro- 
teins are assembled into their final oligomeric 
structure (Georgopoulous et al, 1973; Stern- 
berg, 1973; Rochan and Murialdo, 1983; Hem- 
mingsen et al, 1988; Ellis and Hemmingsen, 
1989; Chang etal., 1989). As is indicated in Fig- 
ure 8, it is not clear whether grp 75 acts in con- 
cert with hsp 58 in the oligomerization process. 
Support for the two stress proteins working to- 
gether was our observation that grp 75 could 
be co-precipitated with hsp 58 and that the 
complex was relatively stable. In addition, it re- 
mains possible that for some monomeric pro- 
teins both grp 75 and hsp 58 are required in the 
folding process. 

How does this proposed model fit with the 
results presented here? First, a significant 
number of newly synthesized proteins were ob- 
served to co-precipitate with either grp 75 or 
hsp 58 in the pulse-labeled cells, most of which 
were no longer observed to co-precipitate after 
the subsequent chase period. Second, if the 
pulse-labeling was performed in the presence 
of the amino acid analogue Azc, the newly syn- 
thesized proteins again appeared to form a 
complex with grp 75. However, even after the 
subsequent 1-h chase period, most of the Azc 
containing radiolabeled proteins were still ob- 
served to co-precipitate with grp 75. Third, 
compared with the cells labeled under normal 
conditions, significantly fewer proteins synthe- 
sized in the presence of Azc were found to co- 
precipitate with hsp 58. It is these latter two 
points, along with previous studies of the hsp 
70 and hsp 58 stress protein families, that leads 
us to suspect that proteins translocating into 
the mitochondria first interact with grp 75. Spe- 
cifically, when the incoming newly synthesized 
mitochondrial protein contains the amino acid 
analogue, it binds to grp 75 but is not subse- 
quently released, presumably owing to its in- 
ability to fold properly. Consequently, this "dead 
end" form of the incoming protein is presumably 
not released over to hsp 58 for its subsequent 
folding and/or higher ordered assembly. This 
scenario therefore could account for the fewer 
number of analogue-containing proteins co- 
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precipitating with hsp 58 in the cells pulse-la- 
beled in the presence of Azc. 

Much of the proposed pathway appears con- 
sistent with previous studies of both the hsp 70 
and GroEL (hsp 58) stress protein families and 
is analogous to a model that appeared after 
submission of our present study (Neupert etaL, 
1990). For example, both the cytosolic hsp 70 
proteins (hsp 72/73) and the form of hsp present 
within the lumen of the ER, grp 78 (BiP), have 
been reported to interact with other nascent 
polypeptides during the course of their matu- 
ration. Most pertinent here are the studies 
showing that BiP interacts with proteins as they 
enter into the ER lumen. BiP appears to stabilize 
the incoming protein as it is glycosylated and 
assembled into its final mature form. Moreover, 
loss of normal BiP function results in an eventual 
cessation of protein import into the ER (Vogel 
et al., 1990). During the course of this work we 
learned that Kang ef al (1990) isolated a tem- 
perature-sensitive mutant of SSCI, the yeast 
equivalent of grp 75. At the nonpermissive tem- 
perature, blockage of protein import into mito- 
chondria was observed. These investigators 
further demonstrated that the incoming protein 
became arrested within the mitochondrial 
translocation channel. These results indicate 
that, in the absence of functional BiP or grp 75, 
proteins entering into the appropriate organelle 
begin to fold prematurely and probably become 
arrested within the translocation apparatus. 
Consequently, a picture has emerged in which 
the various members of the hsp 70 family ap- 
pear to function by binding to and stabilizing 
the nascent chains of unfolded polypeptides. 

With respect to the GroEL proteins, numerous 
studies have demonstrated their role in higher 
ordered protein assembly. In the case of bac- 
terial GroEL, the protein appears essential in 
facilitating the organization of lambda phage 
head protein monomers into their final oligo- 
merized, prohead structure (Georgopoulos et 
al, 1973; Sternberg, 1973; Rochan and Mu- 
rialdo, 1983). in plants, a GroEL-related protein, 
the Rubisco binding protein, appears to catalyze 
the assembly of the large multimeric Rubisco 
complex. Finally in this regard are the studies 
of Chang et al (1989), who reported that mu- 
tations in the yeast form of GroEL (termed hsp 
60) result in the failure of multimeric enzymes 
to properly assemble within the mitochondria. 
Hence, these previous studies demonstrating a 
role for GroEL proteins in facilitating protein oli- 
gomerization events form part of the basis for 
our suggestion that it is hsp 58 (perhaps in con- 
junction with a portion of grp 75) that is impor- 
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■ tant for protein oligomerization events in the 
mitochondria. 

Finally, our data may also reflect on the 
mechanism(s) by which hsp 70 proteins facili- 
tate their release from the target polypeptide 
We showed that grp 75 could be isolated in a 
complex with hsp 58 and that, in such hsp 58 
immunoprecipitates, addition of ATP resulted 
in the release of grp 75. Moreover, accompa- 
nying its release was the apparent autophos- 
phorylation of grp 75. This apparent autokinase 
activity of grp 75 is similar to what has been 
observed previously for the bacterial homologue 
dnaK as well as to a recent study examining 

?Sm 5 c- S f (Zylicz etal - 1983 : Leu stek eta/, 
1 989). Similar to these previous reports, we find 
that the autokinase activity of grp 75 is maximal 
at lower pH (-6.0) and is calcium dependent 
These conditions appear most relevant, consid- 
ering the fact that the environment of the mi- 
tochondria is maintained at a slightly lower pH 
and contains relatively higher levels of calcium 
than that found in the cytoplasm. Consequently 
we are pursuing the possibility that the mech- 
anism by which grp 75 is released from its target 
involves an autophosphorylation event that may 
result in a change in its own conformation and 
subsequent release from its substrate. 

Materials and methods 
Cell culture and metabolic labeling 

2 / 37 , C in Dulbecco-s modified Eagle's medium 
(DM EM) supplemented with 5% calf serum (CS). For studies 
examm.ng the relative half-lives of mitochondrial S 
precursors and/or the.r conversion rate to the mature form 
of the protein, HeLa cells were incubated with 20 oM CCCP 

CCCP TJ 6 d Gt ^/ •^^ 82, ■ WhNe sti " in the P^sence of 
Si at' 37 t t T?- f ^'f d W ' th ^-methionine for 30 
nf JL ; u radlo,abel wa s removed, and one group 
e.E 30 Zn? ? ' nC " bated in the P^sence of CCCP for 
either 30 mm or 2 h. Alternatively, to follow import of the 

wrth CCCP ZT mt ° ^ ™ toch °" d "a, cells were treated 
with CCCP for 10 mm and then labeled with r^Sl-methionine 

cccpTd sn r c a e ri of , ( ; c ? p for 30 min - The medium eSSSSKI 

1 rad '° label was amoved and the cells were 

ftT* med r m containi "9 0 05% 2-mercaptoethano? 

min o 2 h A*l nC, iK a,ed ° MEM Plus 5% CS for either 30 
mm or 2 h After the appropriate incubation period the cells 

WC 0 h^ 2 f LaemmN Samp,e buffer'and heafed at 
formed denatur| n9 immunoprecipitations were per- 
nor eXPerimentS examining Protein-protein interactions 
2 h thP f a K y ," State condition s, HeLa cells were labeled for 

cub'ated ^??h W3 k rem ° Ve t dl and the cel,s were fu rther in- 
cubated in the absence of radiolabel for 1 h Cell Ivsates 

HeTa P cT red 38 d T ribed be,0W ' For s °me 5*5 
>A/t i were ,ncu °ated with 5 mM Azc for 4 h at 37°C 
While still in the presence of the analogue, the cells were 
emo^ 2 h ^-methionine, then the label was 

of Azc for 1 h Ce, H W6 ;? fUfther incubated in the Presence 
or Azc for 1 h, and cell lysates were prepared. 
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undPr P nnr e ,1. hase ! Xperirnents ' HeU cells, either incubated 
under normal condrt.ons or preincubated with 5 mM Am 

Seth^ fh! P K Se " ,abeledwith ^Sl-methioninefor 15 min 

of S ~ , 3 SenCe ° r presence of the anal °9«e. Some 
of the cells were .mmediately harvested (below) whereas 

with fresh cu uure medium, further incubated in the absence 
or presence of Azc for 1 h at 37°C. and then halted 

Preparation of cell lysates and 
immunoprecipitation analysis 

were'uTed forThTfm' ^ R9Ure 1) Who,e ce » ***** 
were used for the immunoprecipitat on analysis After la 

beling the cells were washed with PBS and so ubSzed it 

mitn.h^H , S) ' For most otner experiments, a crude 
mitochondnal preparation was used as the starting material 

S ;rc u e r recipitati r - After the appropriate SK 

period, the cells were washed with PBS and then incubated 
m cold hypotonic buffer (10 mM NaP0 4 , pH 7 4) plus 10 U/ 
"ilapyrase (Sigma, St. Louis, MO) for 5 m!n on ice The cel/s 
were scraped from the plates, adjusted to 1 mM MqC 

at 1 ST^ em '^ d ' V ° rteXed Vi90rous| y- and <=entrTfu 9 ged 
at 13 000 X g for 20 mm at 4°C. The resultant pellet con- 

? U ,« and Mitochondria, was solubilized b" the aS- 
?! on X ion i ° f PB S<?0"taining 1 mM MgCI 2 and 0 1 % 
Triton X-1 00. Apyrase (final 10 U/ml) or ATP (final 2 mM) 

mfn mpf k* l nd , the Samples we re incubated a, ™CfoT 15 
mm RIPA buffer (1 ml) was added, the material was clarified 

vSRXgSF" ^ th6n US6d ,0f the -rnunoprec? 
Denaturing immunoprecipitations from cells solubilized 

n Laemmli sample buffer and heated at 100°C were per 
formed as described previously (Mizzen et a/./ IsS For 
native .mmunoprecipitations, the cells or crude mitochondria 

™ZZ ?' U H " Zed in R,PA buffer ' and the amount of inco 
porated rad.oact.vity was determined by TCA precipitation 
usmg bovine serum albumin as carried E^al amounts of 

with Z ZTT W6re US6d f0reach irnmunoprecStation 
withm a part.cular experiment (e.g., pulse and pulse-chase) 
The samples were diluted with RIPA buffer; protein A- 
rot^tT a , dded; and the mixtu re was incubated on a 

30 min at 4 ° Cl then clarified in an E PPe" d o a 
addShf su P erna t a nt was removed and to it was 
rfhh f thea PPr°Pr>ate antibody. Antibodies used included 
rabb.t ant.-mouse IgG (control), rabbit anti-F.ATPase a 

ifsTVmlnT-^ 58 -- and r3bbit -"ti-grpT^S (M^n 
Tor * • fter lncubatlon with the antibody for 2 h at 
of n^r n t COmplexes were ca P tured by the addition 
RIPA buffpr "p 6 ^ aTOSe and wasn ed three to five times wi°h 
«ih h? I r *°} ems Present in the immunoprecipitate were 

S^ig^r of Laemmli sa " ple Ur and 

£un 6 ^ 

th onme for 2 h at 37°C, the cells were harvested in R?PA 

S„f d ,rea,ed With apyrase ' and nativ e immunopS 
.tat,ons were performed using either the hsp 58 or grp 75 
an^bod.es as described above. After washing with RIPA 

anSro^ 8 " 6 ^ 6 im ™noprecipi,ates twice Sh PBS 
and then once w.th 20 mM Mes, pH 6.2. 1 mM MgCI 2 , and 
«t S Tni After ^^Pending the protein A-sIpharose 
ant.body-ant.gen complex in this latter buffer, we adjusted 

Present o? T m ^ D CaC ' 2 and incubated them ^ he 
AMPPMPfn 1 k M A L P ^ 0f 10 " M of the ATP analogue 
f A ,opJ u£ 1 *? 3t 30 C - After the incubation, we centri- 
fuged the samples at 13 000 x g, carefully removed the 

heated it at 100°C for 5 mm. The pellet containing the im- 
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mune complex was washed once with PBS, and the proteins 
were solubilized by the addition of Laemmli sample buffer 
and heating at 100° for 5 min. Equal percentages of the 
supernatant and pellet were analyzed by SDS-PAGE. 

To examine the possible autophosphorylation of grp 75 
during its release from the hsp 58 immunoprecipitates, we 
incubated an aliquot of the pSJ-methionine-labeled im- 
munoprecipitates (described above) with 1 ATP or 10 
mM of the ATP analogue (AMPPNP) plus 10 /iCi of t-P 2 P]- 
ATP (Amersham, Arlington Heights, IL; 5000 Ci/mM) for 30 
min at 30°C. After the incubation, we analyzed the super- 
natant and pellet separately as described above. 

Examining possible grp 75 autokinase 
activity 

Purified guinea pig liver mitochondria or purified grp 75 were 
examined for kinase activity. Mitochondria were purified es- 
sentially as described by Pederson ef al. (1978), and grp 75 
was purified from these mitochondria as described previ- 
ously (Mizzen ef aL, 1989). After solubilization of the mito- 
chondria with Triton X-100 (final 0.2%), the mitochondria 
or purified grp 75 was incubated at either pH 6.2 (100 mM 
Mes) or pH 8.2 (100 mM Tris) in the presence or absence 
of calcium or magnesium (details provided in figure legend 
6). To each reaction was added 1 juM of ATP supplemented 
with 10 /xCi of t-P 2 P]-ATP (Amersham; 5000 Ci/mM), and 
the sample was incubated at 30°C for 60 min. The reactions 
were terminated by the addition of 5X Laemmli sample buffer 
heated at 100°C f and the [ 32 P]-radiotabeled proteins were 
analyzed by SDS-PAGE and autoradiography. 

One- and two-dimensional gei 
electrophoresis 

One-dimensional SDS-PAGE was performed using 12.5% 
gels prepared as described by Laemmli (1970). Two-dimen- 
sional gel electrophoresis, employing isoelectric focusing 
{80% pH 5-7 and 20% pH 3-10 ampholines) in the first 
dimension followed by SDS-PAGE in the second dimension, 
was done as described previously (Welch ef a/., 1983). 

Acknowledgments 

We thank R.P. Beckmann for helpful discussion on both the 
experiments and text, T. Kleven for preparation of the 
manuscript, and L. Krakowski (Los Alamos National Labo- 
ratories) for providing the F,ATPase a-subunit antibody. This 
work was supported by an MRC postdoctoral fellowship to 
L.A.M. and by NIH grant GM-33551 to W.J.W. 

Received: November 6, 1990. 

Revised and accepted: December 20, 1990. 

References 

Amir-Shapira, D., Leustek, T., Dalie, B., Weissbach, H., and 
Brot, N. (1990). HSP 70 proteins, similar to Escherichia coli 
dnaK, in chloroplasts and mitochondria of Euglena gracilis. 
Proc. Natl. Acad. Sci. USA 87, 1749-1752. 

Beckmann, R.P., Mizzen, L.A., and Welch, W.J. (1990). In- 
teraction of hsp 70 with newly synthesized proteins: impli- 
cations for protein folding and assembly. Science 248, 850- 
854. 

Chang, M.Y., Ulrich-Hartl, F. ( Martin, J., Pollock, R.A., 
Kalousek, F., Neupert, W., Hallberg, E.M., and Horwich, A.L. 
(1 989). Mitochondrial heat shock protein hsp 60 is essential 



for assembly of proteins imported into yeast mitochondria. 
Nature 337, 620-625. 

Chiang, H.L., Terlecky, S.R., Plant, CP., and Dice, J.F. (1989). 
A role for a 70-kilodalton heat shock protein in lysosomal 
degradation of intracellular proteins. Science 246, 382-385. 

Chirico, WJ., Waters, M.G., and Blobel, G. (1988). 70k heat 
shock related proteins stimulate p*otein translocation into 
microsomes. Nature 332, 805-810. 

Craig, E.A. (1 985). The heat shock response. CRC Crit. Rev. 
Biochem. 18, 239-280. 

Craig, E.A., Kramer, J., Schilling, J., Werner-Washburne, M. f 
Holmes, S., Kosic-Smithers, J., and Nicolet, CM. (1989). 
SSCI, an essential member of the yeast hsp 70 multigene 
family, encodes a mitochondrial protein. Mol. Cell. Biol. 9, 
3000-3008. 

Deshaies, R.J., Koch, B.D., Wetner-Washburne, M., Craig, 
E., and Schekman, R. (1988). A subfamily of stress proteins 
facilitates translocation of secretory and mitochondrial pre- 
cursor polypeptides. Nature 332, 800-805. 

Ellis, RJ., and Hemmingsen, S.M. (1989). Molecular chap- 
erones: proteins essential for the biogenesis of some mac- 
romolecular structures. Trends Biochem. Sci. 14, 339-342. 

Georgopoulos, CP., Hendrix, R.W., Casjens, S.R., and 
Kaiser, A.D. (1973). Host participation in bacteriophage 
lambda head assembly. J. Mol. Biol. 76, 45-60. 

Haas, I.G., and Wabl, M. (1983). Immunoglobulin heavy chain 
binding protein. Nature 306, 387-389. 

Hemmingsen, S.M., Woolford, C, van derVies, S.M., Tilly, 
K., Dennis, D.T., Georgopoulos, CP., Hendrix, R.W., and 
Ellis, RJ. (1988). Homologous plant and bacterial proteins 
chaperone oligomeric protein assembly. Nature 333, 330- 
334. 

Hendershot, L., Bole, D., Kohler, G. ? and Kearney, J.F. (1987). 
Assembly and secretion of heavy chains that do not asso- 
ciate with immunoglobulin heavy chain-binding proteins. J. 
Cell Biol. 104, 761-767. 

Kang, R.J., Ostermann, J., Shilling, J., Neupert, W., Craig, E., 
and Pfanner, N. (1990). HSP 70 in the mitochondrial matrix 
is required for translocation and folding of precursor pro- 
teins. Nature 348, 137-143. 

Kozutsumi, Y. t Segal, M„ Normington, K., Gething, M.J., and 
Sambrook, J. (1988). The presence of malfolded proteins in 
the endoplasmic reticulum signals the induction of glucose 
regulated proteins. Nature 332, 462-464. 

Lakey, E.K., Margoliash, E., and Pierce, S.K. (1987). Iden- 
tification of a peptide binding protein that plays a role in 
antigen presentation. Proc. Natl. Acad. Sci. USA 84, 1 659- 
1663. 

Laemmli, U.K. (1970). Cleavage of structural proteins during 
the assembly of the head of bacteriophage T4. Nature 227, 
680-685. 

Leustek, T., Dalie, B. f Amir-Shapira, D. f Brot, N. f and Weiss- 
bach, H. (1989). A member of the hsp 70 family is localized 
in mitochondria and resembles Escherichia coli dnaK. Proc. 
Natl. Acad. Sci. USA 86, 7805-7808. 

Lindquist, S. (1986). The heat-shock response. Annu. Rev. 
Biochem. 55, 1151-1191. 

Marshall, J.S., DeRocher, A.E., Keegstra, K., and Vierling, 
E. (1990). Identification of heat shock protein hsp 70 ho- 
mologues in chloroplasts. Proc. Natl. Acad. Sci. USA 87, 
374-378. 



178 



Cell Regulation 



Mitochondrial stress proteins 



McMullin, T.W., and Hallberg, R.L. (1987). A highly evolu- 
tionary conserved mitochondrial protein is structurally re- 
lated to the protein encoded by the Escherichia groEL gene. 
Mol. Cell. Biol. 8, 371-380. 

Mizzen, L.A., Chang, C., Garrels, J., and Welch, W.J. (1 989). 
Identification, characterization and purification of two 
mammalian stress proteins present within mitochondria: one 
related to hsp 70 and the other to the bacterial GroEL pro- 
tein. J. Biol. Chem. 264, 20664-20675. 
Neupert, W., Hartl, F., Craig, E., and Pfanner, N. (1990). 
How do polypeptides cross the mitochondria! membranes? 
Cell 63, 447-450. 

Pederson, P.L, Greenwalt, J.W., Reynafarge, B., Huilihen, 
J., Decker, G.L., Soper, J.W., and Bustamente, E. (1978). 
Preparation and characterization of mitochondria and sub- 
mitochondrial particles of rat liver and liver-derived tissues. 
Methods Cell Biol. 20, 41 1-431 . 

Randall, L.L., Topping, T.B., and Stardy, S.J.S. (1990). No 
specific recognition of leader peptide by Sec B, a chaperone 
involved in protein export. Science 248, 860-863. 
Reid, G.A., Yonetani, B., and Schatz, G. (1982). Import of 
proteins into mitochondria. Import and maturation of the 
enzymes cytochrome b2 and cytochrome C peroxidase in 
intact yeast cells. J. Biol. Chem. 257, 13068-13075. . 
Rochan, J., and Murialdo, H. (1983). Early intermediates in 
bacteriophage lambda prohead assembly II. Identification 
of biologically active intermediates. Virology 131, 100-115. 

Rothman, J.E. (1989). Polypeptide chain binding proteins: 
catalysts of protein folding and related processes in cells. 
Cell 59, 591-601. 



Sheffield, W., Shore, G.C., and Randall, S.K. (1990). Mito- 
chondrial precursor proteins: effects of 70 kilodalton heat 
shock proteins on polypeptide folding, aggregation, and im- 
port competence. J. Biol. Chem. 265, 1 1065-1 1076. 

Sternberg, N. (1973). Properties of a mutant of Escherichia 
coli defective in bacteriophage lambda head formation (groE) 
II. The propagation of phage lambda. J. Mol. Biol. 67, 1-24. 

Vogel, J.P., Misra, L.M., and Rose, M.D. (1 990). Loss of BiP/ 
GRP 78 function blocks translocation of secretory proteins 
in yeast. J. Cell Biol. / 10, 1885-1895. 

Welch, W.J. (1990). The mammalian stress response: cell 
physiology and biochemistry of stress proteins. In: Stress 
Proteins in Biology and Medicine, ed. R. Morimoto, C. Geor- 
gopoulos, and A. Tissieres, Cold Spring Harbor, NY: Cold 
Spring Harbor Laboratory Press, 223-278. 

Welch, WJ., and Feramisco, J.R. (1985). Rapid purification 
of mammalian 70,000 dalton stress proteins: affinity of the 
proteins for nucleotides. Mol. Cell. Biol. 5, 1229-1237. 

Welch, W.J., Garrels, J. I., Thomas, G.P., Lin, J.J., and Fer- 
amisco, J.R. (1983). Biochemical characterization of the 
mammalian stress proteins and identification of two stress 
proteins as glucose- and Ca2+ ionophore-regulated pro- 
teins. J. Biol. Chem. 258, 7102-7111. 

Zylicz, M., Lebowitz, J.H., McMaken, R., and Georgopoulos, 
C. (1983). The dnaK protein of E. coli possesses on ATPase 
and autophosphorylating activity and is essential in an in 
vitro DNA replication system. Proc. Natl. Acad. Sci. USA 
80, 6431-6435. 



Vol.2, February 1991 



179 



